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J. P. A. GARDNER'*, D. O. F. SKIBINSKI'. AND C. D. BAJDIK*

ISehool of Biological Sciences. University College of Swansea, Singleton Park, Swansed. SA2 SPP,
Great Britain, and 249-2625 Hemlock Street, Vancouver, Britishh Columbia, 1611 216, Canada

Abstract. Mussels were collected at high and low shore
locations from two AMytilus edulis/Mytilus galloprovin-
cialis poputations. Croyde Bay and Whitsand Bay. in S.W.
England. Genotype-dependent length-at-age values were
determined. At high and low shore locations at both sites,
M. edulis-like mussels had significantly smaller length-at-
age values than M. galloprovincialis-like and putative Fl
hybrid individuals. The putative F1 hybrids exhibited
length-at-age values between those of the parental types.
but much closer to those of AL, galloprovincialis-like rather
than M. edulis-like individuals.

Genotype frequencies as a function of age were deter-
mined and relative viability coethcients estimated from
comparisons of genotype frequencies of young versus old
mussels. At high and low shore locations at both sites. the
relative viability coefficient of AL galloprovincialis-like
individuals was greater than that of M. edulis-like mussels.
Putative F1 hybrids at both sites had relative viability cocf-
ficients intermediate between those of the parental types.
These data indicate that the length-dependent varnation
in allozyme frequencies that characterizes sympatric pop-
ulations can be attributed to a small but significant ge-
notype-dependent difference in length-at-age vatues. but
mostly to large and highly significant differences in via-
bility.
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Introduction

Hybrid zones have been defined as “interactions be-
tween genetically distinct groups of individuals resulting
in at least some olfspring of mixed ancestry. Pure popu-
lations of the two genetically distinct groups are found
outside ol the zone of interaction™ (Harrison, p. 72. 1990).
As such. hybrid zones arc thought to represent cases of
partial (incomplete) reproductive or genetic isolation be-
tween two related species, semi-species or conspecifics.
The dynamics of hybrid zones are of considerable interest
from an evolutionary point of view because such zones
often play important roles in models of speciation (re-
viewed by Hewitt, 1988).

The role of selection in the maintenance of hybrid zones
has been emphasized in several reviews (Moore. 1977:
Barton and Hewitt, 1985, 1989; Hewitt, 1988, 1989; Har-
rison, 1990). The traditional view, and the one with the
most evidence to support it, is that hybnd zones are
maintained by a batance between dispersal (immigration)
and selection against hybrids (individuals of mixed an-
cestry). In this case it is more appropriate to think of hy-
brid zones as tension zones (Barton and Hewitt, 1985,
1989) because reduced hybrid fitness is independent of
the environment. Individuals of mixed ancestry are con-
sidered 1o be less fit than parental types because the pa-
rental co-adapted gene complexes. which presumably
evohved in response to localized selection outside the hy-
brid zone. are broken up by recombination within the
hybrid zone. New gene combinations resulting from hy-
bridization and recombination are considered to be less
adapted to the environment (and to interaction and func-
tioning with each other) than are the parental gene com-
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plexes. Hybrids are therefore less fit and thus are selected
against. Indeed. Harrison (1990) cites 20 examples of hy-
brid zones involving plants. insects. tish. amphibians,
reptiles. birds, and mammals in which individuals of
mixed ancestry have reduced fitness compared with pa-
rental types.

Moore (1977) proposed an alternative model of hybrid
zone maintenance (seec also Moore and Buchanan, 1985;
and Moore and Koenig, 1986). This is the geographically
bounded hyvbrid superiority model, which suggests that,
within the limited environment of the hybrid zone, hy-
brids have a selective advantage compared to parental
types when environmental factors determine relative fit-
ness. Because the parental types are adapted to environ-
ments outside the hybrid zone, the habitat in which the
hybrid zone is located is more favorable for hybrids. So
far. the only evidence that supports this model comes from
avian species in which adult dispersal is limited. For ex-
ample, Moore and Buchanan (1985) note that their results
from the Northern Flicker (woodpecker) zone are more
consistent with the hybrid superiority theory than with
the hybrid unfitness model. Hewitt (1988), however, sug-
gests that the cvidence does not permit this model to be
distinguished from other explanations (¢.g., tension zones
or environmental zones).

In S.W. England. sympatric populations of Mytilus ed-
ulis (the blue mussel) and Mytilus galloprovincialis (the
Mediterranean musscl) exhibit a strong positive correla-
tion between shell length and gene frequency at two al-
lozvme loci (Est-D and Odli). Larger mussels tend 1o be
M. galloprovincialis-like: that is, they possess alleles at
highest frequency in pure M. galloprovincialis populations
(Skibinski. 1983: Gardner and Skibinski, 1988). This re-
lationship is also found in other regions of the British Isles
(Skibinski and Roderick, 1991). Two hypotheses have
been investigated to explain the length-dependent allo-
zyme variation observed in hybrid populations. The first—
historical change. with M. edulis vreplacing M. galloprov-
incialis—has been rejected (Gardner and Skibinski, 1988).
The second—difterential growth rates—was not supported
by the results of transplant experiments with mussels from
S.W. England (Skibinski, 1983: Skibinski and Roderick.
1989). however. i1 siti growth in sympatric mussel pop-
ulations has not been studied previously. A third possi-
bility. that differential viability causes the length-depen-
dent allozyme variation, has also not been tested.

Investigators of the Mivilus contact zone in S.W.
England have long thought that the hybrid zone in this
area is maintained by selection, but that this selection is
not principally against hybrids (Skibinski and Beardmore,
1979: Skibinski et al.. 1983). Skibinski and Beardmore
(1979) noted that intergradation. although extensive at
many sites, is often not complete, which suggests that some
genotypes of mixed ancestry have a selective advantage

over M. edulis. The geographic distribution of sites with
high genetic mixing is consistent with the hypothesis that
individuals of mixed ancestrv do have an advantage over
at least one ol the parental types in some environments
(Skibinski and Beardmore, 1979: Skibinski et al., 1983).
Furthermore, it was suggested that any temporal stability
exhibited by the hybrid zone might result from the su-
perior fitness of the hybrids and intergrades (Skibinski
and Beardmore, 1979). In this paper, we explore these
ideas further by the study ol'genotype-dependent viability
and shell growth of mussels from two sympatric popu-
lations in S.W. England.

The objectives of our study are twofold. First. we seek
to cxplain the length-dependent change of allozyme fre-
quencies in sympatric populations by examining differ-
ences in genotype-dependent shell growth and viability.
The use ol shell-sectioning techniques permitted us to
determine annual growth increments. By comparing year
classes, we estimated the relative mortality of difterent
genotypes within two hybrid populations. Second, we use
the viability data to address the question of how the mussel
hybrid zone is structured and maintained.

We Tound substantial differences in viability and small
but significant differences in growth favoring M. gallo-
provincialis and individuals of mixed ancestry. The evi-
dence suggests that these differences contribute to the
variation in length-dependent allele frequency that was
reported in earlier studies, and that selection against A/,
edulis-like mussels plays an important role in maintaining
the hybrid zone.

Materials and Methods

In March 1987, musscls were collected at high and low
shore locations (rom two sympatric M. edulis/M. gallo-
provincialis populations in SW. England: Croyde Bay.
north Devon, and Whitsand Bay. south Cornwall. These
are the same locations used for previous collections (Ski-
binski, 1983: Gardner and Skibinski, 1988, 1990a, b).
Four groups ol mussels were analyzed—CHS, CLS. WHS,
and WLS—where C stands for Croyde, W for Whitsand,
HS for high shore, and LS for low shore. Mussels were
collected from areas of the low and high shore at Croyde
approximately 2.2 m and 3.5 m above chart datum
(CD). and at Whitsand approximately 2.5 m and 3.8 m
above CD.

In both populations, M. edulis numerically dominates
among smaller mussels (<30 mm). whereas M. gallo-
provincialis dominates among larger mussels (>30 mm)
(Skibinski. 1983: Gardner and Skibinski, 1988). Thus. it
is hard to obtain small M. galloprovincialis and large M.
edulis. To increase the numbers ol these types of mussels
for analysis, and to keep other diagnostic techniques such
as starch gel electrophoresis to a minimum, large samples
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of mussels were collected and sorted according to shell
morphology. which is partially diagnostic for differences
between M. edulis and M. galloprovincialis (Seed, 1972,
1974; Skibinski. 1983). The morphological criteria that
were emploved included shell height and shell curvature
(both greater in M. galloprovincialis), the presence or ab-
sence of an anterior beak (present in M. galloprovincialis),
and the profile of the shell (more rounded and convex in
M. galloprovincialis).

A total of 7302 mussels with lengths of at least 20 mm
were collected and sorted. For each location (CHS sample
size = 1123 CLS = 1700; WHS = 2313; and WLS
= 2166) the mussels were sorted into two size groups, 20—
35 mm and >35 mm. Each size group was sorted accord-
ing to shell morphology into three classes. M. edulis-
like,” A galloprovincialis-like,” and “intermediate.”
Each phenotypic group was sorted according to size into
two groups, “small”™ and “large,” a boundary size being
chosen such that approximately 50% of musscls fell above
and 30% below the boundary, selection being made by
eve. The sorting process yiclded 12 categories (two quan-
titative size classes X three phenotype classes X two qual-
itative size classes) for CLS, WHS, and WLS. Because of
the limited numbers of large (>35 mm) mussels at CHS,
all individuals >35 mm (# = 20) were retained as one
group with no subselection. Thus, there were seven cate-
gories lor CHS and twelve each for CLS, WHS, and WLS.
For all four locations, 25 mussels were picked at random
from each category (1 = 20 for mussels >35 mm at CHS)
for starch gel electrophoresis and length-at-age estima-
tions. Table | illustrates the sorting procedure lor mussels
of WLS. The number of mussels subject to electrophoresis
was 170 at CHS and 300 cach at CLS, WHS, and WLS.
Samples were either analyzed immediately or stored at
~70°C for subsequent analysis.

Starch gel electrophoresis was performed on digestive
gland dissected from each ammal and prepared as de-
scribed by Gardner and Skibinski (1988). Two allozyme
loci, esterase-D (EST-D; EC 3.1.1.1) and octopine dehy-
drogenase (ODH: EC 1.5.1.11) were assayed, because these
two loci show large allele frequency dilterences between
M. edudis and M. galloprovincialis (Skibinski. 1983 San-
Juan er al., 1990). To aid in data analysis, the compound
allele system described by Skibinski (1983) was used. At
a given locus, the compound /2 allele is obtained by pool-
ing those alleles that are at highest frequency in “pure”
M. edulis. and the compound (' allele is obtained by
pooling those alleles that are at highest frequency in ““pure”
M. galloprovincialis. Thus, for two polymorphic loci such
as Isi-D and Odh, there are nine dilocus genotype com-
binations ranging from the most . edulis-ike (1)1 £/
E). through the intermediate or putative F1 hybrid (/2/G
E/G) to the most M. galloprovincialis-like (G/G G/G).
For the rest of the paper. the terms galloprovincialis, ed-

wlis. and hybrid refer to M. galloprovincialis-tike (G/G G
(), M. edulis-hke (E/F E/E), and putative Fi hybrid (£/
(G /() individuals of sympatric populations, without
implying that these are truly pure types, but with the un-
derstanding that distinctive phenotype difterences exist
between the groups (e.g., Skibinski et al., 1978a, b; Beau-
mont ¢ al., 1989).

We focused upon only three (E/E E/E, E/G E/G and
G /G G/G) of the nine genotypes because these represent
the two extremes (both parental genotypes) and the in-
termediate (putative F1 hybrid), and consequently growth
and viability differences between these groups are likely
to be as great as any that occur within the zone of sym-
patry. Furthermore, these three genotypes represent be-
tween 65 and 70% of the total number of individuals
within each population, making them of considerable im-
portance in numerical terms alone. This does not imply
that the other six genotypes are unimportant or occur at
such low frequency that they are insignificant, but simply
reflects the advantage of working with genotypes that are
well represented in both populations and have arguably
the most potential (at least initially) to provide data on
fitness differences within the zone of sympatry. Obviously,
the ability to differentiate between edulis, galloprovincialis,
and hybrid individuals is important in identifying growth
and viability differences between these types. However,
because of introgression in these populations (e.g., Ski-
binski. 1983; Skibinski ez al., 1983 Gardner and Skibinski,
1988). pure individuals or genuine F! hybrids might not
exist, and thus would not be detectable, regardiess of the
number of genetic markers used.

The allozymes selected provide a strong indication of
background genotype in mussels from sympatric popu-
lations. For example, (/G G/G individuals from sym-
patric populations are morphologically and electropho-
retically very similar to M. galloprovincialis from pure
allopatric populations, just as £/£ E/E individuals from
sympatric populations most closely resemble Al. edulis
from pure allopatric populations (e.g., Grant and Cherry.,
1985; Sanjuan ¢t al.. 1990).

Shell lengths (+0.! mm) of all mussels typed by elec-
trophoresis were recorded. Shells were sectioned to estab-
lish that age determination from external check marks
could be performed accurately. A valve from each of 155
randomly chosen individuals from all four locations was
thin-sectioned. and an acetate peel replica was prepared
(¢.g.. Lutz, 1976; Richardson ¢t @l.. 1979). The number
of internal annual growth bands was counted, and the
distance from the umbo to each mark was measured to
provide length-at-age data. The processes of counting the
annual bands from the acetate peels and from the exterior
of the valve were carried out independently to minimize
bias in the results. When a peel or the valve from which
it was derived could not be scored with total confidence,
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Table I
The sorting procedure used to obtain 12 groups of 25 mussels each (where possible) for analysis, as exemplified by the Whitsand low shore
(WLS) sample
Initial WLS sample
(n=2166)
20-35 mm >35 mm
(n=1765) (n=401)
E 1 G E 1 G
(n=1557) (n=933) (n=275) (n=123) (n=188) (n=190)
S L S L S L S Ik, S L S L

(450) (107) (804) (129) (265) (110y (81 42y (108) (80) (51) (39)
(25) (25) (25) (25) (25) (25) (25) 25 (25) (25) (25) (25)

E = edulis mussels: | = intermediale mussels; G = galloprovincialis mussels: S = small: L = large.

the data pair was discarded (there was no evidence of a
nonrandom factor explaining which data pairs could or
could not be accurately scored). Nine of 65 mussels were
incorrectly aged. eight by 1 year, and one by 2 years.
Regression analysis of the number of annual growth rings
from the acetate peel against the number estimated from
the valve exterior was carried out. the two being highly
correlated (R* = 0.908: n = 65: P < 0.001).

The ages ol all remaining nonsectioned mussels were
determined by examination of external growth marks.
Each mussel provided length-at-age data for a minimum
of 4 years of age up to a maximum of 13 vears ol age.
with an average of about 6-7 vears. Data were analvzed
by univariate ANOVA of cach length-at-age category. This
analysis is based on minimal assumptions, the results are
easily interpretable and biologically meanmingful, and
maximum information can be extracted from the data
setl because a large proportion of the values can be used.
This is a conservative approach, so that if significant
length-at-age differences are observed it can be assumed
that they represent genuine differences. A shight loss of
statistical power is associated with this approach. but this
1s offset by the advantages described above. To control
for the multiple testing involved with this approach, we
used the Bonlerroni test, which compensates for the in-
creased probability of Type | error rate (the sequential
Bonferroni test. which is less conservative than the stan-
dard Bonferroni test [Rice. 1989], gave identical results).
With the Bonferroni procedure, the alpha level (nominally
alpha = 0.05) 1s divided by the total number of tests made

of the same hypothesis, which at CHS, WHS. and WLS
was 10 each. giving an acceptance value of alpha = 0.005
at these locations; and at CLS was 8, giving an acceptance
value of alpha = 0.00625 at this location. We employed
the univariate option of the PROC GLM (General Linear
Model) subroutine of SAS (SAS Institute, 1987) with the
Ryan-Einot-Gabriel-Welsch multiple range test (REGWQ
option) to locate between-subject effects. The REGWQ
multiple range test is particularly appropriate because it
controls the experimentwise Type | error rate (Day and
Quinn, 1989). The data were tested for normality using
the Shapiro-Wilkes statistic: transtormations were unnec-
essary because the data were normally distributed.

Best-fit growth curves were derived from polynomial
regression computed by the PROC GLM procedure of
SAS (¢.¢., MacDonald and Thompson, 1985, 1988), which
has an advantage over the von Bertalanfly function in
that it does not impose asymptotic behaviour (Roft, 1980;
MacDonald and Thompson, 1985). A cubic polynomial
best explained varation in the growth curves following
stepwise significance testing of each newly added term
(e.g.. Sokal and Rohlf. 1981, p. 673).

Following electrophoresis and age determination. data
from the mussels ol the lour locations were tabulated ac-
cording to age and dilocus genotype to permit estimation
of age-dependent genotype [requencies. An example is
given in Table 1l. The predicted frequency of each ge-
notype of any age in the initial random sample was esti-
mated. taking into account, and adjusting for, the sorting
procedure described above. For example, using the data
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Table 11

The method used (o estimate genotype fiequencies as exemplified by data from Whitsand low shore (IWLS)

20-35 mm calegory
(n = 1765 mussels collected)

>35 mm category

(1 = 401 mussels collected)

Dilocus genotype

E/E E/E E/G E/G G/G G/G 18/IE BJIE E/G E/G G/G G/G

Age (y1)

0 32 B 1

1 27 6 3

2 21 10 8

3 9 13 17 N 10 19

4 0 12 20

b 1 18 28

6 0 8 14

7 | 4 7
Subtotal 89 29 9 52 88
Total 150 149

E/E E/E

from Table 11. the predicted frequency of 3-year-old G/G
(/G mussels among all 3-year-old mussels in the WLS
sample 1s

(17 X 1765/150) + (19 X 401/149))

(9 + 13+ 17) X (1765/130)
+(5+ 10 + 19) X (401/149))

=0.456

In the above equation. the numerator estimates the num-
ber of 3-vear-old G/G /G mussels in the 1765 + 401
total, and the denominator estimates the total number of
3-year-old mussels of all genotypes in the same total.

Results

The results of the ANOVA for the high and low shore
locations at Croyde are given in Table 111, and for the two
locations at Whitsand in Table 1V. Data are presented for
mussels up to the maximum age at which all three ge-
notypes co-occur. Thus, although data were available for
certain genotyvpes up to length-at-age 13 years. these were
not included if the same data were not available for any
other genotype. All four locations have a similar pattern
of between-subject (genotype) effects throughout the
analyvses. Among the voungest individuals of the three
genotypes. length-at-age values are not significantly dif-
ferent. but at age 4 vears and older significant difterences
are apparent. Nonsignificant differences between the ge-
notypes among the oldest age classes may be partally
attributable to the small sample sizes for these oldest
mussels. Where significant between-subject effects exist
at CHS, CLS. and WLS, the £/G E/G and G/G G/G ge-
notypes exhibit nonsignificant length-at-age differences

cdulis mussels: E/G E/G = putative F1 mussels: G/G G/G = galloprovincialis mussels.

throughout their life spans, whereas the E/E E/E mussels
have statistically lower mean length-at-age values than
both these genotypes. Where significant between-subject
effects exist at WHS, the G/G (/G mussels have signifi-
cantly greater mean length-at-age values than the £/G E/
G individuals (at ages 7. 8. and 9 years). From age 3 years
onwards, one or. more usually, both of the £/G E/G and
G/G GG genotypes have sigmficantly greater length-at-
age values than the £/E E/E mussels. The maximum dif-
ference in length-at-age values between the three genotypes
(i.c., maximum minus minimum value regardless of ge-
notype) is also presented in each table. Length-at-age dif-
ferences among older individuals are smaller than those
observed among intermediate-aged mussels, which sug-
gests that, on average, individuals that live the longest,
regardless ol genotype, have similar length-at-age values.
Thus, among the edulis mussels, individuals that exhibit
greatest maximum longevities also exhibit greatest length-
at-age values at all ages.

Growth curves fitted by polynomial regression (Fig. 1)
are very similar between genotypes lor mussels of less
than 4 vears of age. but diverge thereafter. The standard-
ized polvnomial partial regression coeflicients (up to the
cubic term) for each growth line and the R’ values. which
give an indication of how well each line fits the observed
data, are given in Table V.

High or low shore location within a site has a pro-
nounced effect upon growth (comparisons of growth were
based upon tests ol differences in the lincar parameter of
the cubic regression models). At Crovde, the three geno-
types all have greater length-at-age values in the low shore
than in the high shore: this difference is nonsignificant for
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Table 11

Analvsis of variance, with significant Ryan-Einot-Gabriel-Welsch multiple range test results, of mean length-at-age data for mussels from Croyde

high and low shore

E/E EJE E/G E/G G/G GG
mean length mean length mean length Max. dift.
Age (yvr) (mm) (mm) (mm) (mm) N P REGWQ
CHS
1 5.58 5.67 5.59 0.09 94 0.9720M
2 10.08 10.83 10.46 0.75 94 0.401 (N
3 15.25 16.23 15.76 0.98 94 0.3910M
4 19.62 20.99 20.97 1.79 94 0.0707%
5 22,75 25.00 25.33 2.58 87 0.0013* G/G = E/G> E/E
6 24.64 28.16 28.55 3.9] 72 (.0001* G/G = E/G > E/E
7 25.63 31.68 30.91 6.05 17 0.0001* E/G = G/G > E/E
8 26.36 34.10 32.78 7.74 30 0.0001* E/G = G/G > E/E
9 29.03 35.53 33.40 6.50 19 0.0013* E/G = G/G > E/E
10 30.15 36.73 33.20 6.58 11 0.0312™
CLS
| 6.54 6.78 6.74 0.24 130 0.6721N8
2 13.44 13.02 13.28 0.42 130 0.7986"°
3 20.72 20.48 20.95 0.23 130 0.8065™°
4 25.45 27.23 26.73 1.78 127 0.0034* E/G = G/G > E/E
5 29.41 31.08 30.96 1.67 108 0.0038* G/G > E/E
6 32.86 34.60 3434 1.74 88 0.0127N
7 35.70 36.09 36.28 0.58 62 0.9110N
8 37.76 38.70 39.22 1.46 37 0.5803M

N = number of individuals; P = significance level following Bonferroni test: NS

nonsignificant following Bonferroni test: * = significant following

Bonferroni test at alpha = 0.05/k (where k = number of tests); REGW(Q — Ryan-Einot-Gabriel-Welsch multiple range test results; CHS = Croyde
high shore: CLS = Croyde low shore; E/E E/E, E/E = edulis mussels; E/G E/G. E/G = putative FI mussels: G/G G/G, G/G = galloprovincialis

mussels.

the E/G E/G genotype only (CHS vs. CLS: E/E E/E. 1
= 13.951.df = 129, P < 0.001; E/G E/G, t = 3.290, df
=22 P> 005 G/G G/G. 1 = 10.484, df = 65, P
< 0.001: alt significance levels given in this paragraph were
determined after Bonferroni test; ie., if P = 0.05/14
= (0.00357 or less. the result is significant). Even the great-
est length-at-age values at CHS (the £/G E/G genotype)
are less than the greatest length-at-age values (the £/E [/
E genotype) at CLS (CHS £/G E/G vs. CLS E/E E/E: ¢
= 17.826, df = 74, P < 0.001). At Whitsand. cach ge-
notype has greater length-at-age values in the low shore
than in the high shore; this difference 1s nonsignificant
only for the putative F1 hybrids (WHS vs. WLS: E/E E/
Eot=-9502.df = 144, P < 0.001: E/G E/G. 1 = 1.229,
df =46, P> 0.05°, G/G G/G, 1 = —3.405,df = 32, P
< 0.002). The greatest length-at-age values at WHS (the
G/G (/G genotype) are less than the greatest length-at-
age values (the E/E E/ I genotype) at WLS, although WHS
G/G G/G length-at-age values are slightly lower at ages
< 4 years and slightly greater at ages > 4 yvears than WLS
E/E E/FE values (WHS G/G G/G vs WLS E/E EJE, |
= 6.604, df = 100, P < 0.001). Comparison of length-at-
age data between the site locations indicates that values
at WHS and at WLS are greater than those at CHS and

at CLS respectively (CHS vs. WHS: E/E E/E, t = 4.399,
dl = 127, P < 0.001; E/G E/G, t = 4292, d[ =25, P
> 0.05™: G/G G/G. t = 0.416, df = 32, P> 0.05™5, CLS
vs. WLS: E/E EJE ¢ = 4779, df = 146, P < 0.001; £/G
E/G t=0.513.dF=43. P> 005", G/G G/G. t = 4.059,
dl = 65, P < 0.001). Thus, as reported for other Mytilus
populations (¢.g., Dickie ¢ al,, 1984: Mallet et al., 1987).
site explains as much, i not more. of the vanation 1n
growth as ts explained by genotype.

At all loeations, genotype frequeney as a function of
age describes a sigmoidal pattern (Tables VI and VII).
The frequeney of edulis 1s highest among the youngest
mussels, whereas the hybrids and galloprovincialis both
oceur at very low [requencies. With increasing age, the
frequency of edulis deereases. whereas the frequencies of
hybrids and galloprovincialis increase. Regression analysis
ol aresine squareroot transformed compound £ allele fre-
quency (to transform a sigmoidal to a linear relationship,
Sokal and Rohtf, 1981) as a function of age describes a
negative linear relationship that is significant at CHS (R’
=0.869,. 1 = 8. P < 0.001), CLS (R* = 0.966, n = 8, P
<0.001), WHS (R* = 0.823, 1 = 8, P < 0.001) and WLS
(R*=0.736, n =9, P < 0.01) (Figs. 2 and 3). The mean
slope of the equation for Croyde mussels is not signifi-
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Table 1V

Analvsis of variance. with significant Ryan-Einor-Gabriel-Welsch muluple range test results, of mean length-at-age data for mussels from Whitsand

high and low shore

E/E E/E E/G E/G G/G GG
mean length mean length mean length Man. diff.
Age (yr) (mm) (mm) (mm) (mm) N r REGWQ
WHS

1 6.18 ®22 6.23 0.05 98 0.9913"

2 10.99 11.91 11.69 0.92 98 (0.2429N

3 16.01 18.07 17.49 2.06 98 0.0149

4 20.63 2349 23.61 298 98 0.0002* G/G = E/G > E/E
5 24.08 28.38 29.36 5.28 97 0.0001* G/G = E/G> E/E
6 27.02 31.85 33.97 6.97 88 0.0001* G/G = E/G > E/E
7 29.85 3448 37.92 R.07 60 0.0001* G/G > E/G > E/E
8 34.18 36.19 40.39 6.21 35 0.0001* G/G > E/G=E/E
9 35.72 38.60 42018 6.46 25 0.0043* G/G> E/G = E/E
10 40.15 40.02 44.40 4.38 12 0.2051N

WLS

1 7.08 6.94 6.47 0.61 129 0.4947N

3 13.25 13.48 13.65 0.40 129 0.8193"8

3 19.32 20.12 20.71 1.39 129 0.2092N8

4 24.67 26.57 27.21 2.54 129 00136

5 28.50 32.26 3395 5.45 116 0.0001* G/G = E/G > L/E
6 31.93 36.75 38.51 6.58 90 0.0001* G/G = E/G > L/
7 33.61 39,99 42.32 8.71 67 0.0001* G/G = E/G > E/E
8 35.80 43.28 45.27 9.47 35 0.0015* G/G = E/G > E/E
9 39.00 44,74 45.94 6.94 19 0.2817N8
10 45.30 16.67 49.50 4.20 10 0.5705"

\ = number of individuals; P = significance level following Bonferroni test: NS = nonsignificant following Bonferroni test: * = significant following
Bonferroni test at alpha = 0.05/k (where k = number ol tests): REGWQ = Ryan-Einot-Gabricl-Welsch multiple range test results; WHS = Whitsand
high shore; WLS = Whitsand low shore: E/E E/E, E/E = edulis mussels, E/G E/G. E/G = putative FI mussels; G/G G/G. G/G = galloprovincialis

mussels.

cantly different from that for Whitsand mussels (mean
+ SD of —10.842 + 4.343, n = 2, at Croyde: —9.246
+0.771, n = 2, at Whitsand: 1 = —0.210, df = 33,
P> 0.05).

A relative viability coefhicient for each genotype (Table
VI111) was calculated from the data in Tables V1 and VII.
A genotype frequency estimate among young mussels
(GF,oung) Was obtained from the mean genotype frequency
of the first three vears for which data were available. For
example, lor E/E E/E mussels of CHS, this value is the
mean of the frequency values for individuals of ages 4. 5,
and 6 years (i.c., [0.93 + 0.97 + 0.97]/3 = 0.957) shown
in Table VII. For E/G E/G mussels of CLS. the value is
the mean genotype frequency of individuals of ages 3. 4.
and 5 vears (i.e., [0 + 0 4 0.08])/3 = 0.027) shown in
Table VII. Similarly, the genotype frequency among the
oldest individuals (GF,y) was calculated as the mean for
the last three years for which data were available. For
example, for all genotypes at CHS, this is the mean fre-
quency of 9, 10, and 11 years of age; for all genotypes at
CLS, it is the mean frequency of 8. 9, and 10 years of age.
Mean gene frequencies were calculated to reduce the

problem of small sample sizes among the youngest and
oldest mussels. Comparison of gene [requencies estimated
in this way could lead to conservative estimates of viability
compared with values obtained using the youngest and
oldest individuals owing to the pooling of data from three
year classes. However, the greatest rate of change in ge-
notype frequencies occurs among mussels of intermediate
ages and not among the oldest or youngest mussels used
for this calculation. In each case. an absolute viability
coefficient was obtained by dividing GF,4 by GFoun,-
Relative viability coefficients were obtained by dividing
each absolute viability coetheient by the highest observed
value of all absolute viability coeflicients among the three
genotypes to give one relative viability coeflicient value
of 1.000 and two others as proportions of 1.000. The rel-
ative viability coefficients calculated in this way should
not be confused with coefficients estimated for the interval
from zygote to reproductive maturity, but they neverthe-
less give some indication ol relative viability and mortality
during much of adult life. At all four locations, the relative
viability coefhicient ol galloprovincialis is much higher
than that of edulis (Table V1),
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Discussion

In S.W. England, M. galloprovincialis is presumed to
be at the northernmost limit of its distribution (Seed. 1971
Gosling, 1984). For sites in England. it may therefore be
predicted that the endemic cold-water M. edulis form
should have a growth advantage over the warm-water A /.
galloprovincialis form. At <20°C in the laboratory, Seed
(1971) found that Af. edulis grew up to four times faster
than M. galloprovincialis from Rock, S.W. England.
However, he was doubtful if these differences would be
maintained under natural conditions. Using a larger data
set taken from mussels that, sinee their settlement, had
been growing at high and low shore locations in two hybrid
populations in S.W. England, we have shown that gal-
loprovincialis has a smal) but significant growth advantage
over edulis.

The negative correlation between E allele frequency
and age lends support to the third hypothesis, advanced
by Skibinski (1983). that differential mortality aets against
the more numerous and smaller ¢dulis. The most pro-
nounced changes in length-dependent allele frequencies
oceur at older ages (8-9 vears at CHS and WHS, 6-8§

50A

a0 -

SHELL LENGTH {mm)

AGE (yr)

SHELL LENGTH (mm)

AGE (yr)

ligure |.

Table V

Parametery of the polynonual regressions for genotype-dependent best-
Sit growth cirves

Square  Cubic
Linear  term term
Location Genotype Intercept  term (<10) (<10) R

CHS E/E E/E 1.842 7.590 —6.697 0.228 0.898
E/GE/G 0.293 6.041 —1.647 —0.069 0.947
G/G GG —1.708 7.064 —3.485 0.002  0.944
CLS E/E E/E 3102 10,350 -9.716 0410 0953
E/GE/G 1.151 7.632 0014 —0462 0951
G/G G/ —3.074 0 10438 —7913 0.235 0.956
WHS E/EE/E —0.146 6.554  —4.319 0.169 0.896
E/GE/G —2.301 8.528 5768 0.152 0920
GG GG 1.062 6.866 —1.165 —0.113 0943
WLS LE/E E/E 1.648 9.161 7.914 0311 0.866
E/GE/G 1.016 7.890 2154 -0.097 0.921
G/G GG 2344 8.796 —3.449 0.032 0934

CHS. CLS = Croyde high shore. Croyde low shore; WHS, WLS =
Whitsand high shore, Whitsand low shore: E/I E/E = edulis mussels;
E/G E/G - pulative FL mussels; G/G G/G = galloprovineialis mussels;
R? = coefhcient of determination.

SHELL LENGTH (mm)

SHELL LENGTH {mm)

AGE (yr)

Best-ht polynomial growth curves for edulis (F/E E/E) (sohd line), F1 hybrid (£/G E/G)

(dotted line). and galloprovincialis (G/G G/G) (broken line) mussels, at (A) Croyde high shore, (B) Croyde
low shore, (C) Whitsand high shore, and (D) Whitsand low shore.
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I'able V1

Predicted genotype frequencies as a function of age (calendated from elecirophoretic and external annual shell check mark data) Jor mussels from

Crovde (see Tahle 11 for further explanation)

CHS CLS

Age

(yr) E/E E/E E/G E/G G/G GG N E/E E/E /G E/G G/G GG N
3 — — — 1.00 0 0 3
4 0.93 0 0.07 7 1.00 0 0 19
3 0.97 0.03 0 14 0.90 0.08 0.02 20
6 0.97 0.02 0.01 28 0.82 0.03 0.15 26
7 0.73 0.16 0.11 17 0.29 0.29 0.42 25
8 0.74 0.19 0.07 11 0.27 0.08 0.65 15
9 0.37 0 0.63 9 0.05 0 0.94 14
10 0.47 0.53 0 6 0 0 1.00 8
11 0.19 0 0.81 4 — — -

Total 93 130

CHS. CLS = Croyde high shore, Croyde low shore: E/E E/E = edulis mussels: E/G E/G = putative FI mussels: G/G G/G = galloprovincialis

mussels: .\ = number of mussels.

vears at CLS and at WLS: Tables VI and VII). whereas
the most pronounced differences in length-at-age values
occur earlier (significant differences exist by 4 vears of age
at CLS and WHS. and by 5 vears at CHS and WLS).
Differential growth therefore begins several years before
the greatest differences in genotype frequencies are gen-
erated. so that differential growth cannot be solely re-
sponsible for the length-dependent changes 1n allele fre-
queneies. Thus, small but significant difterences in length-
at-age values are insufficient by themselves to explain the
pronounced decrease in compound E allele frequency.
even though the growth differences must contribute
(slightly) to this phenomenon.

Significant difterences in length-at-age values are ob-
served at age 4 vears and older and among intermediate-
aged. but not the very oldest, mussels. This can be partially
explained by the small sample sizes of the oldest mussels,
but examination of the maximum diftference in length-
at-age indicates that this parameter increases with age,
reaches its greatest values at intermediate ages. and then
decreases among the oldest age classes. A threefold ex-
planation for this can be advanced. First. up to about 4
vears of age. length-at-age values are not significantly dif-
ferent between the genotvpes, and viability differences are
small (¢.g., Gardner and Skibinski. t988; Figs. 2 and 3 of
the present paper). Second. at intermediate ages. signifi-

‘Table V11

Predicted genotvpe frequencies as a function of age (calculated from electrophoretic and external annual shell check mark data) for mussels Jrom

Whitsand (sce Table H for further explanation)

WHS WLS

Age

(yr) E/E E/E E/G E/G G/G GG N E/E E/E E/G E/G G/G GG N
3 — — — — 1.00 0 0 4
4 1.00 0 0 1 0.65 0.35 0 8
S 1.00 0 0 9 0.98 0 0.02 26
6 0.96 0.04 0 28 0.84 0.14 0.02 23
7 0.73 0.10 0.17 25 0.72 0.25 0.03 29
8 0.72 0.18 0.10 10 0.47 042 (VR 18
9 0.33 0.16 0.51 13 0.15 0.25 0.60 9
10 .33 0.33 0.34 3 0 0.56 0.44 7
1 0 0.38 0.42 4 0.33 0.67 0 3
12 0.49 0.28 0.23 3 — = — —
13 0 0.56 0.44 2 — — = =

Total 98 127

WHS. WLS - Whitsand high shore, Whitsand low shore: L/l E/IE = edulis mussels: E/G E/G

mussels: N = number of mussels.

putative ¥I mussets: G/G G/G = galloprovmcialis
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Figure 2. Arcsine square root compound £ allele frequency as a
function of age at Croyde high shore (+ and solid line) and Crovde low
shore (A and broken Iine).

cant length-at-age differences exist between the genotypes.
It is at this stage that viability differences between the
genotypes are most pronounced. resulting in greatest dif-
ferential mortality of edulis mussels. Third, following this
period of maximum differential mortality, the oldest sur-
viving mussels exhibit nonsignificant differenees in length-
at-age values. Thus, during the second stage. the highest
mortality rates are experienced by the edulis individuals
with the lowest viabilities (and also the smallest length-
at-age values), resulting in the significant differences in
mean length-at-age values observed at this time. The edulis
with (by delinition) the highest viabilities (and the greatest
length-at-age values) survive this period so that among
the oldest age classes, when viability ditferenees are once
again less pronounced, there are no significant differences
in length-at-age values. The positive association between
length-at-age values and viability among the eduliy indi-
viduals can be explained in one of two ways. One, the
association is noncausal, resulting from, for example,
pleiotropy (c.¢., Falconer. 1989). Two. it is causal. and
oceurs because increased shell length offers a refuge from
predators (Gardner and Skibinski, 1991) and confers a
fitness advantage in terms ol inereased byssal strength of
attachment to the substrate, which decreases the chance
of being dislodged from the rock lace and swept out to
sea (Gardner and Skibinski, 1991; Willis and Skibinski.
1992).

Based on genotype frequency differenees between young
and old mussels, relative viability coethcients were cal-
culated that demonstrate a high selective mortality against
edulis. Increasingly more evidence points to the conclu-
sion that strong selection is common in natural popula-
tions (Endler. 1986), and that selection coefhcients in hy-
brid zones can also be very large (¢.g., Dowling and Moore,
1985 Barton and Hewitt, 1985: Hewitt, 1988). The rel-
ative viability coethcients estimated in this study indicate
that selection against edulis is indeed strong—at all four
locations edulis had viability coetheients that are orders
ol magnitude smaller than those of galloprovincialis. The
extent of the coetheient differences between edudis and
galloprovincialis is strong support for the hypothesis of
differential viability (Skibinski, 1983) as an explanation
for the pattern of length-dependent allele frequencies.

Mussels reproduce by external fertilization, producing
pelagic larvac that are almost all immigrants at the time
of settlement (Tracey et al., 1975). Because components
of fitness such as viability and fecundity are much lower
in edulis than in galloprovincialis, considerable immigra-
tion of ¢dulis spat is required to maintain the genetic
structure of these populations. which are characterized by
a very high Irequency of edulis among the smallest and
youngest mussels (Skibinski, 1983: Gardner and Skibinski.
1988). Furthermore. this genetic structure is apparently
stable in the short term (over a period of 6 years). an

120 = ™= —
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0.20
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Figure 3. Arcsine square root compound £ allele Irequency as a
function of age at Whitsand high shore (+ and solid line) and Whitsand
low shore (A and broken line).
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Table VIH
Genotvpe-dependent relanve viability coctlicients for high and low shore focations at Croyde and Whitsand, calcutated from the data of age-
dependent variation given i Tables VH and VI
CHS CLS
E/E E/E E/G E/G G/G GG E/l E/E E/G E/G G/G G/G
GIF s 0.957 0.017 0.027 0.967 0.027 0.007
GF 4 0.343 0.177 0.480 0.107 0.027 0.863
Absolute viability 0.358 10.412 17.778 0.111 1.000 123.286
Relative viability 0.020 0.586 1.000 0.001 0.008 1.000
WHS WLS
EJIE I/ E/G E/G G/G G/G E/E E/E E/G E/G G/G G/G
GF un 0.987 0.013 0.001* 0.877 0.117 0.007
GF4 0.163 0473 0.363 0.160 0.493 0.347
Absolute viability 0.165 36.385 363.000 0.182 4213 49.571
Relative viability 0.0005 0.100 1.000 0.004 0.085 1.000

CLS. CHS = Croyde low shore. Croyde high shore: WLS, WHS = Whitsand low shore. Whitsand high shore: E/E E/E = edulis mussels: E/G
E/G = pulative FI mussels: G/G G/G = galloprovincialis mussels: GF, 0, GF g = gene frequencies among the young and old mussels: * = actual

mean value of zero. assumed value of 0.001.

interval representing a minimum 50% turnover in popu-
lation numbers (Gardner and Skibinski. 1988). Thus our
data (Gardner and Skibinski, 1988, 19904, and this paper)
indicate that these sympatric M)yilus populations in S.W.
England are maintained by a balance between the differ-
ential viability acting against edulis and the predominance
of edulis spat among immigrants. One reason for a very
low proportion of galloprovincialis spat, despite their pro-
nounced viability advantage over edulis. is that M. gal-
loprovincialis reaches its northernmost limit in S.W.
England and is apparently restricted from successfully
settling further north by the lower seawater temperatures.
This is indeed the case for most other warm-water Med-
iterranean forms that extend this far north (Yonge. 1949).

The mechanism responsibie for greater edulis mortality
is thought to involve genotvpe-dependent differences in
strength of attachment of the byssus (Gardner and Ski-
binski. 1991: Willis and Skibinski, 1992). At both Croyde
and Whitsand. at all shell lengths, edulis are more easily
removed from the substrate than galloprovincialis of the
same length. This results in part from morphological dif-
ferences between the two mussel types and 1s consistent
with evolutionary trends observed in lineages of byssally
attached bivalves (Yonge and Campbell. 1968). Differ-
ences attributable to wave exposure have been reported
in the ecological distributions of the two mussel types in
S.W. England (Skibinski, 1983: Gardner and Skibinski.
1988). the Atlantic coast of France (Seed. 1972), and
southern Ireland (Gosling and Wilkins. 1981) where gal-
loprovincialis frequency is positively correlated with in-
creasing wave exposure. At the microgeographic level

among sympatric populations in S.W. England, gallo-
provincialis frequency is greatest in the high shore and
least in the low shore; this distribution is significantly cor-
related with site-specific variability in wave action (Ski-
binski. 1983; Gardner and Skibinski. 1988). Thus. difter-
ences in strength of attachment between the two species
are consistent with the relauonship between wave expo-
sure and the ecological distribution of the two mussel types
(Gardner and Skibinski. 1991).
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